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Dark matter (DM) particles in the Universe accumulate in neutron stars (NSs) through their
interactions with ordinary matter. It has been known that their annihilation inside the NS core
causes late-time heating, with which the surface temperature becomes a constant value of Ts '
(2 − 3) × 103 K for the NS age t & 106−7 years. This conclusion is, however, drawn based on the
assumption that the beta equilibrium is maintained in NSs throughout their life, which turns out
to be invalid for rotating pulsars. The slowdown in the pulsar rotation drives the NS matter out
of beta equilibrium, and the resultant imbalance in chemical potentials induces late-time heating,
dubbed as rotochemical heating. This effect can heat a NS up to Ts ' 106 K for t ' 106−7 years.
In fact, recent observations found several old NSs whose surface temperature is much higher than
the prediction of the standard cooling scenario and is consistent with the rotochemical heating.
Motivated by these observations, in this letter, we reevaluate the significance of the DM heating
in NSs, including the effect of the rotochemical heating. We then show that the signature of DM
heating can still be detected in old ordinary pulsars, while it is concealed by the rotochemical heating
for old millisecond pulsars. To confirm the evidence for the DM heating, however, it is necessary
to improve our knowledge on nucleon pairing gaps as well as to evaluate the initial period of the
pulsars accurately. In any cases, a discovery of a very cold NS can give a robust constraint on the
DM heating, and thus on DM models. To demonstrate this, as an example, we also discuss the case
that the DM is the neutral component of an electroweak multiplet, and show that an observation
of a NS with Ts . 103 K imposes a stringent constraint on such a DM candidate.
INTRODUCTION
Despite the firm evidences for dark matter (DM), its
nature has not been unraveled yet. A promising possibil-
ity is that DM consists of a weakly-interacting massive
particle (WIMP), as its thermal relic can naturally ex-
plain the observed DM density. WIMPs have interactions
with ordinary matter other than the gravitational inter-
actions, through which we may detect their signature.
There have been various proposals for such experiments
so far, e.g., the DM direct/indirect searches and the di-
rect production of WIMPs at colliders.
Among other things, the detection of DM signature
through the observation of neutron star (NS) surface tem-
perature offers a distinct strategy for testing DM models
[1–4]. DM particles which are trapped by the gravita-
tional potential of a NS accumulate in the core after they
have lost their kinetic energy through the scattering with
the NS matter. These DM particles eventually annihilate
and heat the NS. At late times, this heating effect bal-
ances with the energy loss due to the photon emission
from the NS surface, and its surface temperature Ts is
kept constant at Ts ' 2 × 103 K. This consequence is
in stark contrast to the prediction in the standard NS
cooling theory [5–7], where isolated NSs cool down to
Ts < 10
3 K for the NS age t & 5 × 106 years. This im-
plies that we can in principle test this DM heating sce-
nario by measuring the surface temperature of old NSs.
See Refs. [8–14] for recent studies on the DM heating.
In the previous studies of the DM heating, as well as
in the standard NS cooling scenario, it is assumed that
nucleons and charged leptons in NSs are in beta equi-
librium throughout the time evolution of the NSs. For
actual rotating NSs, however, this assumption is found
to be invalid. A constant decrease in the rotational rate
of a NS leads to a continuous reduction in the centrifugal
force, and thus the NS keeps being contracted. This then
changes the chemical equilibrium condition among nucle-
ons and leptons all the time [15]. On the other hand, the
rates of the beta processes are highly suppressed at late
times, and thus the NS matter is unable to follow the
change in the chemical equilibrium condition. As a re-
sult, the imbalance in the chemical potentials of nucleons
and leptons increases constantly, which is to be partially
dissipated as heat [15–17]. This heating effect, called the
rotochemical heating, can raise the NS surface tempera-
ture up to Ts ' 106 K for t ' 106−7 years [18–23].
In fact, recent observations of old NSs suggest that
such a heating mechanism indeed operates. For in-
stance, the surface temperature of the millisecond pul-
sar (MSP) J0437-4715, whose age is estimated to be
t ' (6 − 7) × 109 yr, is measured to be T∞s ∼ 3 × 105 K
[24–26], where T∞s represents the red-shifted temperature
at the infinite distance. Other examples of NSs whose
surface temperature is higher than the prediction in the
standard cooling theory include the MSP J2124-3358 [27]
and ordinary pulsars J0108-1431 [28] and B0950+08 [29].
On the other hand, for J2144-3933, there is only an up-
per bound on the surface temperature: T∞s < 4.2×104 K
[30]. Quite interestingly, it is shown in Ref. [23] that all
of these observations can be explained by the effect of the
non-equilibrium beta processes in a consistent manner.
It should be emphasized that the non-equilibrium beta
effect mentioned above is an inevitable consequence of a
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2rotating pulsar, not an ad-hoc assumption to invent a
heating mechanism. Given this heating mechanism in-
trinsic to actual NSs, can we still expect to detect the
signature of the DM heating in old NSs? This is the
question we address in this letter.
MINIMAL COOLING
We first review the minimal cooling scenario [31–33],
which is the basis of the following discussions. In this
paradigm, it is assumed that a NS is comprised of nu-
cleons, electrons, and muons and they are in beta equi-
librium. NSs cool via the emission of neutrinos from
the core and photons from the surface. The photon
emission dominates the neutrino emission at late times,
t & 105 years. It is found [5–7] that the thermal re-
laxation in a NS is completed in t . 102 years, and
after that the red-shifted internal temperature defined
by T∞ ≡ T (r)eΦ(r) becomes constant in the core, where
T (r) denotes the local temperature at the distance r from
the center and e2Φ(r) = −gtt(r) is the time component
of the metric at the position. The time evolution of this
red-shifted temperature is then determined by
C
dT∞
dt
= −L∞ν − L∞γ + L∞H , (1)
where L∞ν and L
∞
γ are the red-shifted luminosities of the
neutrino and photon emissions, respectively, and C is the
total heat capacity of the NS. L∞H represents the heating
power, which vanishes in the minimal cooling.
The photon emission luminosity is given by Lγ =
4piR2σBT
4
s , where σB is the Stefan-Boltzmann constant
and R is the NS radius. The surface temperature Ts dif-
fers from the internal temperature due to the shielding
effect of the envelope. To relate these temperatures, we
use the formula given in Ref. [34] for T & 104 K. This
relation depends on the amount of light elements in the
envelope, which is parametrized by their total mass ∆M .
The relation in Ref. [34] cannot be used for T . 104 K, for
which we instead use the relation for the heavy-element
envelope given in Ref. [35].
There are multiple processes for the neutrino emission.
Among them, the modified Urca process [36, 37] and the
pair breaking and formation (PBF) process [38–43] are
the dominant processes in the minimal cooling. The mod-
ified Urca process consists of the reactions
n+N → p+N + `+ ν¯` ,
p+N + `→ n+N + ν` , (2)
where N = n or p and ` = e, µ. The rate of this process
goes as ∝ T 8 at high temperatures, but is highly sup-
pressed after the onset of nucleon superfluidity. In the
NS core, protons form singlet pairings and neutrons form
triplet pairings once the temperature becomes lower than
the corresponding critical temperatures [44–46]. These
nucleon parings yield an energy gap in the spectrum of
nucleon quasi-particles, which gives a Boltzmann sup-
pression factor to the reaction rates. The pairing gaps
also suppress the contribution of nucleons to the heat
capacity in Eq. (1) at low temperatures [5].
The PBF process, on the other hand, operates only
after the onset of nucleon superfluidity. This reaction
proceeds along with the breaking of a nucleon pairing
due to thermal fluctuation and its successive reformation,
during which neutrinos are emitted. Since it requires the
formation of nucleon pairings, it can occur only for T <
T
(N)
C , where T
(N)
C is the critical temperature of nucleon
superfluidity. For T  T (N)C , the PBF process also suffers
from the Boltzmann suppression due to the energy gap
in the nucleon spectrum.
In summary, in the minimal cooling scenario, a NS
cools via the emission of photons and neutrinos. For the
neutrino emission, we consider the modified Urca and
PBF processes, and neglect other subdominant processes
for brevity. Notice that the fast cooling processes such as
the direct Urca process are not included in the minimal
cooling. It is known that the direct Urca process can
occur only in heavy NSs [47]; for instance, in the case of
the Akmal-Pandharipande-Ravenhall (APR) equation of
state (EOS) [48], which we use in the following analysis,
the direct Urca can occur forM & 1.97M, whereM and
M are the NS mass and the solar mass, respectively. In
this work, we follow the minimal cooling paradigm and
do not consider the fast cooling processes.
ROTOCHEMICAL HEATING
In the minimal cooling, nucleons and leptons in NSs
are assumed to be in beta equilibrium. On the other
hand, as discussed in the introduction, the local chemical-
equilibrium condition in an actual NS changes continu-
ously because of the constant reduction in the centrifugal
force, which is caused by the slowdown in the NS rota-
tion. It turns out that the NS system cannot follow this
change at late times since the modified Urca process is
strongly suppressed at low temperatures. Therefore, it is
necessary to take account of the out-of-beta-equilibrium
effect for the discussion of old NSs.
The deviation from the beta equilibrium is quantified
by an imbalance in the chemical potentials of nucleons
and leptons: η` ≡ µn−µp−µ`. As discussed in Ref. [49],
the diffusion timescale of the chemical imbalance is short
enough so that we can regard the red-shifted imbalance
parameters η∞` ≡ η`eΦ(r) as constant throughout the NS
core. The time evolution of η∞` is then obtained by solv-
ing a couple of differential equations given in Ref. [18],
to which two classes of effects contribute competitively.
One is the terms proportional to the difference between
3the reaction rates of the processes (2), ∆ΓM,N`, which
reduce |η∞` |, i.e., restore the system back to beta equi-
librium. The other terms are proportional to ΩΩ˙, where
Ω is the angular velocity of the NS, which increase the
value of η∞` as the NS is slowing down and thus drive
the system out of beta equilibrium. Once the latter con-
tribution dominates the former, η∞` keeps increasing and
the system deviates far from beta equilibrium.
The energy stored in the chemical imbalance is par-
tially released as heat. The heating rate per unit vol-
ume is given by η` · ∆ΓM,N`, and L∞H in Eq. (1) is ob-
tained by integrating this quantity (with a red-shift fac-
tor) over the NS core. ∆ΓM,N` is computed in the litera-
ture [18–23], which is again suppressed in the presence of
nucleon superfluidity due to the energy gap. A distinct
feature of the non-equilibrium beta process is that it is
strongly enhanced once η` exceeds a certain threshold
value, ∆th = min{3∆n + ∆p,∆n + 3∆p} [49], where ∆p
and ∆n are the proton singlet and neutron triplet
1 gaps,
respectively. At early times, η` is negligibly small and
thus the heating is ineffective. At later times, η∞` mono-
tonically increases due to the spin-down of the NS, and
once it exceeds the threshold ∆th, ∆ΓM,N` is strongly en-
hanced and the rotochemical heating becomes effective.
The increase rate of η∞` depends on the slowdown fac-
tor ΩΩ˙. We assume that the spin-down rate of NSs
is given by the energy loss due to the magnetic dipole
radiation and thus follows the power-law deceleration:
Ω˙(t) = −kΩ(t)3 with k a positive constant. By solving
this equation, we obtain Ω(t) = 2pi/
√
P 20 + 2PP˙ t, where
P and P˙ are the rotational period of the NS and its time
derivative at the time t, respectively, P0 denotes the ini-
tial period, and k = PP˙/(4pi2). PP˙ is related to the
surface magnetic field by Bs ' 3.2 × 1019 (PP˙/s)1/2 G
for a NS of radius R = 10 km and moment of inertia
I = 1045 g cm2. These expressions show that for a larger
P0, |ΩΩ˙| becomes smaller, which results in a suppression
in the increase rate of η∞` .
To see this in more detail, in Fig. 1, we show the time
evolution of η∞` for different values of the initial period
P0. Throughout this work, we follow the analysis given
in Ref. [23] for the calculation of the non-equilibrium
beta processes. The horizontal line indicates the mini-
mal value of ∆th in the NS core multiplied by a red-shift
factor at the position, which we denote by ∆∞th . For nu-
cleon pairing gaps, we use the CCDK model [50] for the
proton singlet gap and the “a2” model [44] for the neu-
tron triplet gap, which is used in Ref. [51].2 This figure
1 We use the 3P2 (mJ = 0) gap for neutron, where the gap is given
by δn = ∆n
√
1 + 3 cos2 θ with θ the angle between the neutron
momentum and the quantization axis.
2 This choice of the pairing gaps is found to be compatible with
the observed rapid cooling of the NS in Cassiopeia A [51–54].
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FIG. 1. The time evolution of η∞` for different values of P0.
The horizontal line shows ∆∞th defined in the text. We use
M = 1.4M, P = 1 s, P˙ = 1×10−15, and ∆M/M = 1×10−15.
shows that as P0 gets larger the increase rate of η` gets
smaller. It is also found that for P0 > 7 ms, η
∞
` never
exceeds the rotochemical threshold; in this case, we ex-
pect that the rotochemical heating is fairly suppressed,
as we will confirm in the following analysis.
DARK MATTER HEATING
The accretion and annihilation of WIMP DM in a NS
can be another heating source [1–4]. DM falling toward
a NS hits the NS if its impact parameter is smaller than
bmax = R(vesc/vDM)e
−Φ(R) [55], where G is the gravita-
tional constant, vDM is the DM velocity distant from the
NS, and vesc = (2GM/R)
1/2 is the escape velocity. The
rate of DM particles hitting the NS is then obtained as
N˙ ' pib2maxvDM(ρDM/mDM), where ρDM and mDM are
the local energy density and mass of DM, respectively.
We use ρDM = 0.42 GeV · cm−3 and vDM = 230 km · s−1
[56] in what follows. A more accurate expression of N˙ is
given in Ref. [1], which we use in the following analysis.
It is found that an electroweak/TeV-scale WIMP DM
is captured in NSs after one scattering if the DM-nucleon
scattering cross section is larger than σcrit ' R2mN/M ,
with mN the nucleon mass [1]. After the DM is trapped,
the rest of its kinetic energy is soon lost by successive
scatterings with the NS matter. DM particles then ac-
cumulate in the NS core and eventually annihilate. As
shown in Ref. [3], for a typical WIMP, its annihilation
and capture rates become in equilibrium in old NSs. As
a result, the contribution of the DM heating to the lumi-
nosity L∞H in Eq. (1) is computed as
L∞H |DM = e2Φ(R)N˙mDM [χ+ (γ − 1)] , (3)
where γ = 1/
√
1− v2esc and χ is the fraction of the anni-
hilation energy transferred to heat [3]. In what follows,
we take χ = 1 unless otherwise noted. The first term
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FIG. 2. The time evolution of T∞s for different values of P0.
For P0 = 1, 5, and 6 ms, the time evolution with and without
DM heating are indistinguishable and the lines overlap. For
P0 > 7 ms, the solid (dashed) line represents the case with
(without) DM heating. The blue crosses show the tempera-
ture data of ordinary pulsars [23]. The down arrows indicate
the upper limits on T∞s . The vertical red dashed line shows
the death-line [57].
in Eq. (3) represents the heat from the DM annihilation,
while the second term corresponds to the deposit of the
kinetic energy of the incoming WIMP DM [9].
If we neglect the rotochemical heating, the DM heating
balances with the cooling due to the photon emission at
late times, i.e., L∞H |DM ' L∞γ . This condition fixes the
NS surface temperature to be a few thousand K, which
has been regarded as a smoking-gun signature of the DM
heating [1–4]. Below, we study if this signature can still
be seen even in the presence of the rotochemical heating.
RESULTS
Now we examine the time evolution of the NS temper-
ature by including all of the effects discussed above. We
first consider a NS which models a typical ordinary pul-
sar, where we fix M = 1.4M, P = 1 s, P˙ = 1 × 10−15,
and ∆M/M = 1 × 10−15. The initial values of T∞ and
η∞` are taken to be T
∞ = 1010 K and η∞` = 0, respec-
tively. We find that the following results have little de-
pendence on the choice of these parameters.
In Fig. 2, we show the time evolution of T∞s for dif-
ferent values of P0 in the black solid lines. For P0 = 1,
5, and 6 ms, the time evolutions with and without DM
heating are indistinguishable and the lines overlap. For
P0 > 7 ms, the solid (dashed) line represents the case
with (without) DM heating. We again use the CCDK
[50] and “a2” [44] models for the proton and neutron
gaps, respectively. We also show the observed temper-
atures of old ordinary pulsars with blue crosses, where
the lines indicate the uncertainties; we take this data
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FIG. 3. The time evolution of T∞s for different nucleon
pairing gaps with P0 = 7 ms. The green, blue and red lines
correspond to the “a”, “a2” and “b” models for the neutron
gap, while the solid and dashed lines show the cases for the AO
and CCDK models of the proton gap, respectively. For the
(a2, CCDK) and (b, CCDK) gap models, the time evolution
without DM are also shown in black dashed lines. In the
other gap models, the time evolutions with and without DM
are almost the same. The black crosses show the temperature
data of ordinary pulsars.
from Ref. [23]. This figure shows that for P0 = 1 ms
the surface temperature remains as high as O(105) K for
t & 106 years since the rotochemical heating is quite ef-
fective. The temperature curve in this case is consistent
with most of the observed temperatures, but the DM
heating effect is completely hidden by the rotochemical
heating effect. For a larger P0, T
∞
s at late times gets
lower, and for P0 > 7 ms, it becomes independent of
the initial period. In this case, the rotochemical heating
is ineffective since η` does not exceed the rotochemical
threshold, as we have seen in Fig. 1. Thus, the late-
time temperature is determined by the DM heating, with
T∞s ' 2 × 103 K. Notice that a NS cools down to this
temperature before it reaches the conventional death-line
[57, 58],3 Bs/P
2 = 0.17× 1012 G · s−2, shown by the red
dashed line in Fig. 2. Therefore, it is possible to detect
the DM heating effect via the temperature observation of
ordinary pulsars if their initial period is sufficiently large.
We note, however, that the lower limit on P0 for the
condition that the DM heating effect is detectable highly
depends on the nucleon pairing gaps. To see this, in
Fig. 3, we show the time evolution of T∞s for different
choices of nucleon pairing gaps, with P0 = 7 ms. The blue
3 We however note that the theoretical estimation of the death-
line suffers from huge uncertainty, and thus one should not take
this bound too seriously. Indeed, as can be seen from Fig. 2,
J2144-3933, e.g., is located beyond the conventional death-line,
though its pulsation is detected [59]. For more discussions on the
death-line, see Refs. [60–63].
5lines correspond to the “a2” model [44], while the green
and red lines are for the “a” and “b” models in Ref. [31]
for the neutron gap. The solid and dashed lines show the
cases for the AO [64] and CCDK [50] models of the proton
gap, respectively. As we see, for the AO model, whose
gap is smaller than that of the CCDK model, the late-
time temperature is predicted to be higher than T∞s '
2 × 103 K; in this case, ∆∞th is rather small, and thus
η` can overcome the rotochemical threshold at late times
even for P0 = 7 ms, making the rotochemical heating
operative. On the other hand, for the CCDK proton and
”a2” or ”b” neutron pairings, the rotochemical heating is
ineffective and thus we can see the DM heating effect at
late times. The results shown in Fig. 3 demonstrate that
it is crucial to take account of both proton and neutron
pairings in order to evaluate the effect of non-equilibrium
beta processes appropriately [23].
We also found that the rotochemical heating does not
operate for any choice of pairing gaps if the initial period
is as large as 100 ms4—in this case, the late-time surface
temperature is always determined by the DM heating.
It is intriguing that recent studies suggest that the ini-
tial period distribution extends to well beyond 100 ms;
it is independently estimated from the kinematic age of
several tens of observed NSs [65–67], the population syn-
thesis of pulsars [68–71], or the supernova simulation for
proto-NSs [72]. Hence, we expect that there are quite
a few ordinary pulsars that can be a probe of the DM
heating in future observations.
Finally, let us consider MSPs. In this case, |ΩΩ˙| is
much larger than that for ordinary pulsars, and thus
η` can always exceed the rotochemical threshold at late
times. Therefore, the rotochemical heating is highly ef-
fective for MSPs [23]. Although this feature is advanta-
geous for explaining the old warm MSPs such as J0437-
4715 [24–26] and J2124-3358 [27], this makes MSPs in-
appropriate for testing the DM heating scenario.
CONCLUSION AND DISCUSSION
We have studied the time evolution of NS surface tem-
perature, taking account of both the rotochemical and
DM heating effects. We have found that for ordinary pul-
sars the DM heating effect can still be observed even with
the rotochemical heating if the initial period of NSs is
relatively large, since in this case the chemical imbalance
does not overcome the threshold ∆∞th and thus the roto-
chemical heating is ineffective. The rotochemical heating
operates if the initial period is as small as O(1) ms. Thus
4 Since the pairing gap has density dependence, the critical value of
P0, above which the rotochemical heating is ineffective, depends
also on other star parameters such as NS mass. We find the
critical P0 is at most O(10) ms.
for MSPs, the DM heating is always concealed by the
rotochemical heating.
The surface temperature at late times depends not only
on the initial period but also on the choice of the nucleon
pairing gaps, as shown in Fig. 3. Depending on these
unknown quantities, the rotochemical heating effect may
mimic the DM heating effect in old ordinary pulsars. For
instance, the late-time temperature for the proton AO
and neutron ”b” gaps in Fig. 3 is kept at a few thousand
K due to the rotochemical heating. To distinguish these
two heating effects, therefore, it is necessary to improve
our knowledge on nucleon pairing gaps as well as to eval-
uate the initial period of pulsars accurately. We note in
passing that it is possible to estimate the initial period
of a pulsar if, for instance, the pulsar is associated with
a supernova and its age is computed from the motion of
the supernova remnant, as is performed in Ref. [65],
In any case, in the presence of both the rotochemi-
cal and DM heating effects, the late-time temperature
is bounded below, i.e., T∞s & 2 × 103 K, which is de-
termined by the DM heating and thus independent of
the initial period and pairing gaps. As a consequence,
an observation of a NS with a surface temperature that
is sufficiently below this lower bound readily excludes
the DM heating caused by typical WIMPs, and thus can
severely constrain such DM models. To see this sig-
nificance, as an example, we consider the case where
DM is comprised of the neutral component of an elec-
troweak multiplet [73–77]. This class of DM candidates
includes the pure wino/higgsino in the supersymmetric
models. Although the elastic scattering cross section of
such a DM candidate with a nucleon is generically small
[78, 79], it can still be trapped by NSs through the in-
elastic scattering with the NS matter. For this class of
DM candidates, the charged components of the DM mul-
tiplet are degenerate with the DM component in mass,
with mass differences of O(100) MeV, which are smaller
than the energy transfer of the DM scattering in NSs,
∆E . 1 GeV [9]. As a result, the inelastic scattering
accompanied with the charged component can occur in
NSs. Since it is induced by the tree-level exchange of
the W boson, its cross section is much larger than the
critical value σcrit ' R2mN/M ∼ 10−45 cm2 [9]. Hence,
we can directly use the above results for this class of DM
candidates,5 and in particular we conclude that an ob-
servation of an old NS with T∞s . 103 K can exclude all
of these DM candidates. Notice that this constraint is
independent of the DM mass as long as it is . 1 PeV,
which is the case for these DM candidates, whose masses
5 There is a small difference since the annihilation of these DM
candidates can generate neutrinos in the final state and thus the
parameter χ in Eq. (3) is smaller than unity. This difference only
results in an O(1)% change in the late-time temperature, which
is in effect negligible in the present discussion.
6are predicted to be 1–10 TeV [76].
Finally, we note that there are other heating mecha-
nisms proposed in the literature [80], such as the vor-
tex creep heating [81–86] and rotationally-induced deep
crustal heating [87]. These heating mechanisms may also
compete with the rotochemical and DM heating effects,
and therefore the consequence drawn in this letter may be
altered if they are also included. We will study the impli-
cations of these heating mechanisms for the DM heating
on another occasion [88].
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